Abstract: Soil iron (Fe) and antagonistic effects of rhizobial inoculants and organic C involved in legume root nodulation, leaf chlorophyll formation and crop yield performance are not well understood. Soil Fe, a critical micronutrient for plant growth, is highly variable in the humid, acidic environments. The objectives of the study were to assess the co-limitation of soil Fe concentrations on whole plant development, root nodulation, chlorophyll formation and marketable yield of yardlong beans (Vigna unguiculata subsp. sesquipedalis) in the humid, acidic environment. The field study was conducted in a rice-vigna rotation field in tropical Hainan Island during 2012-2013. The experimental treatments consisted of two levels of chicken compost (0 and 1.8 Mg ha -1 ) and vigna rhizobial inoculants at the rates of 0, 8, 16 and 24 g per kg of seeds, arranged in a split-plot design. The results showed that soil Fe concentrations were spatially variable across the field. In spite of soil Fe variability, yardlong-bean plants (cv. 'Youfeng-3') responded strongly to the compost and inoculant treatments. Root nodulation, whole plant biomass and marketable fresh beans yields were significantly higher in the compost and inoculant plots compared to the control (P < 0.05). Soil Fe concentrations could explain 23% of the variations in leaf chlorophyll content. Fresh bean marketable yields in early bearing stage increased strongly with soil Fe concentrations (R 2 = 0.44), but there was a decline trend for late-season fresh bean yields plotted against soil Fe concentrations. It was concluded that co-limitation of excess soil Fe (> 400 mg kg -1 ) could prohibit legume plant chlorophyll and yield formation. Rhizobia inoculants and organic C help reduce soil Fe activity in the humid, acidic environment.
Introduction
Iron (Fe) ions and active H + are often dominant elements in paddy soils in the humid, acidic environments [1] - [3] . Organic matter and nutrient levels are typically low and variable in such soils due to rapid decomposition from high temperatures and leaching from high rainfall [2] . Iron is a critical micronutrient for plant growth, nutrient transport, nitrogen fixation, chlorophyll biosynthesis and photosynthesis [1] - [3] , [4] - [7] . There is an increasing evidence that Fe deficiency can cause declines in plant photosynthesis, nutrient uptake, structural changes in morphology and functionality of leaves [2] , [6] , [7] . It is reported that iron deficiency enhanced leghaemoglobin production in nodules [6] . However, excess Fe holding within cells can be toxic to plants [2] . High soil Fe concentrations were associated with citrus tree decline in Florida humid, acidic orchards [1] .
Soil organic C and macronutrients levels are critical to crop performance [4] , [5] , [8] - [11] . Soil organic compounds that can hold moisture and nutrients are the most susceptible fraction of the soil to change [5] , [12] - [14] . Yardlong beans (Vigna unguiculata subsp. sesquipedalis), a popular, important source of fresh vegetables in tropical areas, is a vigorous climbing annual vine and a genus variety of cowpea (Vigna unguiculata) originally in southern Asia [15] . Yardlong bean plants are extensively grown all year round in the warmer parts of Asia tropical areas [16] . Healthy yardlong beans are highly productive with a fresh bean yield in the range of 28-35 Mg per ha [15] , [16] and the crop requires sufficient organic amendments and a large amount of nutrients to keep up the production [15] .
Nitrogen requirements by fabaceous crops are derived from soil N and symbiotically fixed atmospheric N [8] , [9] , [17] , [18] . If fabaceous seeds are not inoculated with a rhizobial inoculant, high amounts of N fertilizers have to be required to meet their nutritional needs during the period of bean formation [8] , [17] . Yet, relationships between soil Fe, rhizobial inoculants and organic amendments in the humid, acidic soil environments were not well understood.
It was hypothesized that variability in soil Fe concentrations could limit the responses of yardlong-bean plants to organic amendments and rhizobial inoculant input treatments in the humid, acidic soil environments. The objectives of the current study were to (i) investigate the influence of native soil Fe concentrations on antagonistic effects of chicken compost inputs and rhizobial inoculants on yardlong-bean plant development, root nodulation, chlorophyll and bean formation and (ii) examine the correlation and limitation of native soil Fe concentrations on chlorophyll and bean formation of yardlong-bean plants in the humid, acidic environments.
Materials and Methods
Field Experiment Description 2.1.
The yardlong bean experiment was conducted during 2012 and 2013 on Wudongwen Farms, a multi-crop commercial farm registered in the tropical winter vegetable programs of Hainan Province, situated in Dingan County in the northern Hainan Island, China (19º37'34.4"N, 110º20'48.6"E, elevation 58 m above the Southern China Sea). In the areas, the climate is a humid, tropical climate monsoon with hot summers and warm winters. The annual temperature averages 23.8°C and annual rainfall totals 2430 mm. The growing degree-days for plants are up to 6200°C (base temperature of 5°C). The winter temperatures in this tropical island are warm (18 ± 6°C daily) and the monthly rainfall is less (102±23 mm), suitable for vegetable production. Because of the suitability of winter temperatures for general growth of vegetables, Hainan has been one of the biggest winter vegetable production bases in China. Yardlong beans are among the top favorable fresh vegetables grown in the winter in Hainan.
The soil in the experimental field was a paddy soil derived from granites, classified as an Udic Ferralosol in Chinese Soil Taxonomy [18] , known as an Ultisol in the American Soil Classification System. To insure healthy crop production, the farm has practiced an annual crop rotation with three crops (bean-fruit-rice) in farming management. The previous crop was banana prior to conducting the yardlong bean study, which followed by a short-season small fruit crop, Japanese melon (Cucumis melo L.).
The experimental treatments consisted of chicken compost inputs at the rates of 0 and 1.8 Mg ha -1 on a dry weight basis and vigna rhizobial inoculant applications at the rates of 0, 8, 16 and 24 g· per kg of seeds. The chicken-compost was sampled for determi-nation of microbial properties, organic C, mineral N, P, K, Ca, Mg, B, Fe, Mn, Cu and Zn concentrations. The inoculants named Jiangduo were obtained from Lingxian Shengwu Inc., Qinhuangdao, Hebei. The commercial inoculants were cultured for examination of active bacteria, actinomycetes and fungi analyses.
The yardlong bean cultivar was 'Youfeng-3', a popular cultivar for production of high quality fresh beans for exportation. The compost and inoculant treatments were applied using a split-plot design with chicken compost in the main plots in five blocks in the field. Row beds for planting were raised for 0.35 m to facilitate drainage. The row beds were 0.9 m in width. The spacing between two rows was 0.5 m. Soil samples were taking at 0-0.25 m at GPS-points in each plot using a soil auger.
After the soil sampling, the chicken compost treatments were then applied onto the raised beds. The requirements of NPK macronutrients for yardlong bean plants were respective the uniform rate of 25 kg ha -1 on a basis of N, P2O5 and K2O nutrients based on the soil testing and regional recommendations. The NPK rates were respectively supplied using gradual calcium ammonium nitrate NH4NO3-Ca (27-0-0), monocalcium phosphate Ca(H2PO4)2 (0-46-0) and muriate of potash K2O (0-0-60). The chemical fertilizers were mixed and applied by hand spreading to the raised seed beds. Then the beds were immediately mulched using a black plastic mulch.
The inoculant treatments were mixed with seeds an hour prior to the seeding and the inoculanted seeds were sowed directly in a double-drill in the raised beds. The spacing between the double-drill was 0.4 m and the seeds were spaced 0.30 m in the row. There were a total of 40 plots (2×4×5) and each plot sized 0.9m×7m.
Yardlong bean seed emergence occurred 4 days after seeding in the field. Tri-foliar leaves appeared within a week after seeding. Scaffolding was provided for vigna vine climbing in the second week after seeding. Plants started to flower within 8 weeks (about 50 days) after sowing and the green pods were quickly grown within 10 days after flowering. Irrigation (usually drip irrigation) did not take place because of sufficient and regular seasonal rainfall patterns. Disease and insect controls and other crop cares including fungicide applications were done based on the field survey and regional recommendation from the local agricultural services.
Plant and Soil Measurements 2.2.
In each experimental plot, three Global Positioning System (GPS) measurement points were set up for site-specific plant and soil measurements. First harvest of fresh beans was done by hand on 6 March, i.e. 76 days after seeding. The plants continued to bloom and bear and fresh beans were continuously harvested on a basis of daily picking for 29 days until 16 April. The production season lasted a total of 116 days.
Five whole plants of yardlong beans were randomly taken in each plot for assessing root nodulation, root lengths, leaf numbers and fresh biomass and dry matter of leaves, stems and roots at full blooming and final harvest. Plant samples were dried at 70ºC in the oven for 72 hours then plant dry matter was measured. Stem allantoin, amino acids and nitrate were determined to estimate plant ureide concentrations and plant N derived from N fixation. These results were not reported in the current paper.
Soil macro-and micro-nutrient components (NO3, NH4 and extractable P, K, Fe and Zn) were quantified for each plot. Air-dried soil samples were analyzed for pH (soil/water 1:1) using a Leici pH/ions meter. Soil gravimetric water content was determined by oven-drying for estimating water holding and soil organic C content (OC) was determined using the Walkley-Black procedure [5] .
The Mehlich-3-extracted soil Fe, Zn, Cu, Mn, K, Ca and Mg concentrations were determined using atomic absorption methods. The Mehlich-3 extracted soil P concentrations were determined by ascorbic-acid colorimetrical analysis using a SSI UV/Visible-spectrophotometer (Shimadzu, Tokyo, Japan). The 2N-KCl-extracted soil NH4 and NO3 concentrations were measured using the Kjeldahl procedure [9] using a VELP automatic rapid distillation & titration system (VELP Scientifica, Usmate, Italy). 0.3 m) size fresh beans were not counted as marketable yields. Analysis of variance, descriptive statistics, correlation and regression analysis of all measured data were done using PROC GLM, PROC UNIVARIATE and PROC CORR [19] . Homogeneity of datasets was verified using the Bartlett Test, normality and residual distribution of data sets were confirmed using PROC UNIVARIATE. Means of treatments were compared using the Least Significant Difference (LSD) test [19] .
Results
Soil Characteristics and Plant Vigor 3.1.
The soil in the rooting depth (0.20 cm) was acidic (pH 5.3±0.4) and poor in organic matter (10.4-11.4 g kg -1 ). Soil Fe ions were the dominant element (267-483 mg kg -1 , Table 1 ). The KCl-extracted NO3-N and NH4-N and other Mehlich-III-extracted cation concentrations (Mn, Cu and Zn) were low. Soil Fe, P, K, Ca, Mg and Zn concentrations were significantly different within the divided zones across the field (Table 1) . The applied chicken-compost treatments contained 92% of organic C, 1.7% N, 2.1% P, 2.3% K, 11.6% Ca, 0.6% Mg, 0.03% B, 0.5% Cu and 0.1% Zn on a dry weight basis. Per gram of applied inoculants contained an active bacterial density of (1.14±0.28) × 10 11 and the actinomycete numbers were up to (1.5±0.11) × 10 7 . No fungi were found in the inoculants.
The flowers and green pods of yardlong bean plants formed in pair-groups. There were on average 19.7±3.6 tri-leaves (mean ± standard deviation) in each plant (n = 120 plants, Table 2 ). Three whole plants were sampled in each plot at the first blooming stage. The biomass and dry matter of different plant parts were in the order of stems > leaves > roots ( Table 2 ). The data were normally distributed among the treatments except the total nodules (kurtosis > 3, Table 2 ). There were significant differences in whole plant biomass among the compost and inoculant treatments. Plants in the compost plots had a stronger growth-vigor with higher whole-plant biomass (156±39 g plant -1 ) than in the control (104±27 g plant -1 ). Plants in the inoculanted plots also grew significantly more vigorously than these in the control plots (Fig. 1) . The means with the same letters are not significantly different at α < 0.05. 
Effects of Rhizobial Inoculants and Compost Inputs on Root Nodulation and Bean 3.2. Yields
Yardlong bean root nodulation occurred from vegetative stage through the long period of bean setting stage. The root nodules formed in fluorescence on roots. The nodule numbers varied between 22.4±17.3 nodules per plant and nodule weights ranged between 0.12-4.00 g per plant ( Table 2 ). The root nodulation was significantly stronger at the higher IR treatments (29.5 and 30.7 nodules per plant for the IR16 and IR24 levels) compared to the control (17.8 nodules per plant), with a determined value LSD = 5.7 nodules per plant.
The yardlong bean plant development was marked by the continuously blooming and bean setting throughout the growing season. The highest dairy marketable yield of fresh beans was 1.63±0.57 kg per plot (n = 40), harvested in early bean bearing stage on March 8 th , i.e. 2 days after the start of bean picking. Most of the daily marketable yields of fresh beans varied between 0.82-1.53 kg/plot (n = 40) and the lower daily marketable yield averaged 0.3-0.7 kg/plot (n = 40) measured in 4 weeks after the start of the bean harvesting.
The fresh bean marketable yields were significantly higher in the composted plots (37.8 Mg ha -1 , n = 36) than in the control plots (32.3 Mg ha -1 , n = 4) (graph not shown). Depending on the rhizobial inoculant inputs, total marketable yields of fresh beans were also significantly higher (mean 37.6 Mg ha -1 ) for the inoculant treatments than the control (32.3 Mg ha -1 ), with a comparison value LSD = 4.1 Mg ha -1 . 
Co-limitation of Soil Fe in Chlorophyll Formation and Fresh Bean Yields 3.3.
As the dominant ion in the soil, Fe ion concentrations had an impact on leaf chlorophyll formation, as shown plant leaf chlorophyll content (SPAD value) of increased with increasing soil Fe concentrations (Fig.  2) . 92% of the leaf chlorophyll content ranged between 60 and 95%. Soil Fe ions alone could explain 23% of the variation in leaf chlorophyll formation.
Fresh bean marketable yields increased strongly with soil Fe concentrations in early bearing stage (R 2 = 0.44, Fig. 3(A) ). The fresh bean yields determined on March 8 (i.e. just two days into harvesting) varied between 2.86-5.14 Mg ha -1 , the increase trend in fresh bean yields was nearly linear (Fig. 3(A) ). However, the fresh bean yields determined on April 8 (i.e. 4 weeks after the initial harvesting) varying 0.79-1.04 Mg ha -1 , representing only 13-36% of the yields measured in early bean setting stage. The plotted curves of fresh bean yields against soil Fe ions was showed a decline trend at the late bearing stage, which explained 21.8% of the variation in fresh bean yields (Fig. 3(B) ). Bean marketable yields declined when soil Fe concentrations became too high (> 400 mg kg -1 , Fig. 3(A) ). 
Discussion
Favorable conditions of soil rhizobial bacteria and organic materials are critical to crop productivity [4] , [12] . A low and limiting rhizobia environment (control plot IR-0) could reduce yardlong bean plant growth (Fig. 1) . The increase patterns in dependence on rhizobial nioculant treatments for whole plant biomass showed the positive effects of rhizobial nioculants in plant development and bean setting, although the soil nutrient concentrations were variable across the field (Table 1) . Yardlong bean plant growth improvement might be beneficial from seed inoculation of rhizobial bacteria [15] . Strategies that increased the numbers of effective rhizobia present by adding rhizobia inoculants in soil were beneficial to root nodulation, and therefore plant growth vigor.
Yardlong bean plant is a true legume. The main growth stages of yardlong bean plants are vegetative stage and the reproductive stage [14] , [15] . The significant correlation between leaf chlorophyll content and soil Fe concentrations (P < 0.05, Fig. 2 International Journal of Bioscience, Biochemistry and Bioinformatics micronutrient for plant growth, Fe ions are involved in many important compounds and physiological processes in plants such as chlorophyll synthesis [2] . It should be in this reason that the relations between yardlong bean leaf chlorophyll content and soil Fe concentrations were significantly correlated.
The stronger coefficient of determination between soil Fe concentrations and fresh bean marketable yields measured in early stage than in late stage (Fig. 3) suggested that soil Fe could affect more strongly bean formation in early bean setting stage. This might be because of the promoting leaf chlorophyll formation by soil Fe ions to enhance plant photosynthesis for stronger bean formation in the early bean setting stage. When yardlong bean leaves became decrepit, the effects of soil Fe ions were also reduced on bean formation (Fig. 3) .
Co-limitation of soil Fe ions in yardlong bean productivity was shown by the plateau appeared in the polynomial regressions curves for leaf chlorophyll (Fig. 2) and bean yield (Fig. 3) . Too much Fe ions in the soils (> 400 mg kg -1 ) could prohibit leaf chlorophyll and bean formation. Fruit tree decline was found to be associated with too much Fe in the soils in the humid, acidic environment [1] . Small amounts of iron are necessary for chlorophyll production, but too much iron can affect the chlorophyll fluorescence itself, causing it to change and inhibiting plant ability to properly absorb energy from sunlight [4] . It would be useful to further quantify plant Fe uptake to assess plant Fe retention level resulting in decline in leaf chlorophyll and bean formation.
Conclusion
The antagonistic effects of soil iron, rhizobial inoculants and organic C were significant on yardlong bean root nodulation, leaf chlorophyll formation and bean productivity. Whole plant development and root nodulation of yardlong bean plants could be improved from seed inoculation of rhizobial inoculants and compost amendment inputs. The positive effects of soil Fe were more pronounced on leaf chlorophyll and bean formation in early bearing stage than in late season. Only high Fe concentrations in the soils (> 400 mg kg -1 ) could prohibit legume leaf chlorophyll and bean formation in the humid, acidic environment. It was concluded that co-limitation of soil Fe ions was primary on leaf chlorophyll and bean formation under various rhizobial inoculants and compost inputs in the humid, acidic environment.
